Dry eye disease is a multifactorial chronic disorder of the ocular surface that affects up to 100 million people worldwide. During the pathogenesis of dry eye, impaired function of the lacrimal and meibomian glands results in hyposecretion of aqueous tear fluid, coupled with increased evaporation and instability of the tear film, which becomes increasingly hyperosmolar in character at more severe stages of disease. One critical issue in the field is that the commonly used clinical signs and symptoms for the diagnosis or classification of dry eye often do not correlate with one another. This underscores the need to systematically evaluate current tests and highlights the importance of developing new markers of disease progression for use as endpoints in clinical trials of diagnostic devices and potential therapeutics. In this review, we examine the utility and limitations of commonly used signs and symptoms of dry eye disease and comment on newer biomarkers and analytical devices that show promise for future diagnostic and therapeutic use.
pro-inflammatory cascades are activated by tear hyperosmolarity and there is an increase in apoptotic cell death in the ocular surface of DED patients. [17] [18] [19] Reflex stimulation of the lacrimal gland is a compensatory mechanism designed to lower tear osmolarity and can be operative transiently and asymmetrically between eyes. However, chronic reflex tearing can lead to an overexpression of autoantigens in the lacrimal glands and neurogenic inflammation within the gland, ultimately compromising aqueous tear production. 20 These factors cultivate a vicious cycle of mutually re-enforcing events contributing to increased inflammation, tear film hyperosmolarity and instability, and exacerbation of disease severity. As noted in the DEWS Report, increased tear osmolarity is thought to be the central pathogenic mechanism leading to damage of the ocular surface in DED. 2 There are two main mechanistic subtypes of DED: aqueous tear deficient dry eye (ADDE), in which there is a decrease in lacrimal gland secretion that produces aqueous tear fluid and evaporative dry eye (EDE), which is most commonly caused by meibomian gland dysfunction (MGD). This latter subtype has been documented in great detail in the recently published Meibomian Gland Dysfunction
Workshop report. 21 The more common of the two subtypes is MGD, but as the disease progresses and increases in severity, compensatory mechanisms (reflex tearing, increased blinking and thickening of the lipid layer) tend to involve the other subtype (ADDE).
This ultimately leads to the manifestation of a mixed or hybrid type of DED, the principal type seen in moderate to severe cases. 22 Diagnosis and management of DED has been a source of frustration to clinicians for a number of reasons; one of which is a lack of correlation between signs and symptoms. 11, [23] [24] [25] While this is undoubtedly attributable, in part, to psychological factors and personality types, recent evidence of sensory changes on the ocular surface have pointed to a hyperalgesia observed in early disease and a decrease in corneal sensation in more severe disease. 26 Additionally, the most commonly used tests in clinical practice frequently do not give clear information as to the status of dry eye, particularly in early or mild stages of disease. 9 A common clinical presentation is that of a patient with significant symptoms of irritation without obvious evidence of disease as measured by current commonly used clinical tests.
This lack of correlation between signs and symptoms has led to problems in several areas such as the accurate diagnosis of early or mild disease and a conspicuous lack of a single metric to assess disease severity and response to treatment. This has been made apparent by the difficulties in identifying a single test as a primary endpoint for clinical trials. This condition is necessary to meet the US Food and Drug Administration's requirement for an improvement in both a sign and symptom for clearance of new therapeutic agents for dry eye. This is a very high standard that presents a barrier in the process of gaining approval of new therapeutics in dry eye and is a major reason that there have been no new therapeutic drugs approved in the US since 2003, despite many Phase II and III trials. Since the lack of correlation between conventional tests and symptoms is well-known, 11, 23, 24, 27 there is increasing interest within both the FDA and pharmaceutical companies in the development of biomarkers of DED.
New research has begun to elucidate the factors contributing to this problem and may lead the way to improved diagnosis, severity assessment and disease management for the clinician and better endpoints for more effective drug development in clinical trials.
The central characteristics of DED, namely tear instability and hyperosmolarity, may well hold the keys to unlock this mystery. New data also suggest that punctate staining may have little to do with apparent damage to the cornea and more to do with relative levels of mucin expression. 29 Therefore, both researchers and clinicians must be Biomarkers In Dry Eye Disease able to assimilate a large number of data points, many of which are only indirectly associated with the actual disease state, in order to come to a conclusion about the overall disease severity.
Objective and Subjective Clinical Tests
Tests of DED severity can be broadly categorised as either objective or subjective, with the objective markers broken down as either functional tests or those that report the molecular constituents of the tear film ( Table 1) . In an ideal world, the quality of a biomarker would be neatly characterised by a broad dynamic range, high sensitivity to therapeutic intervention, linearity (i.e. probability distribution at different severities), low biological variance over time, and minimal interoperator variance during readout. However, very little referent data exist for the majority of biomarkers associated with disease severity.
Functional Tests

Evaporimetry
Given the increased understanding of dry eye as a consequence of MGD, tear evaporation rate should be directly related to disease severity. However, technical challenges to actually performing this test in a clinical setting, coupled with very large variation in referent values, have precluded its practical implementation. Most of the devices developed to measure tear evaporative rates are of custom design and incorporate a sealed goggle apparatus with inflow and outflow channels.
The differences in water content of the inflow air with the outflow are measured. Of the seminal studies in this regard, some investigators found that evaporation rate increased in DED, while others found that the evaporation rate decreased. [30] [31] [32] [33] Specifically, measurement of water evaporation is not the same as the evaporation rate from the tear film -more water may evaporate from a normal subject in a given time than a dry eye subject because in a normal subject there is more fluid available to evaporate, while the overall rate of evaporation is lower than in dry eye subjects. 31, 32 When measuring fluid in a closed chamber, to understand the rate at which fluid is evaporating, one must compensate for the ambient temperature, humidity, ocular physiology, interpalpebral space over time, and other factors. Recent developments have incorporated the use of optical interference or thermography [34] [35] [36] to estimate evaporation in realtime. These more recent data suggest that the dry eye features a significantly increased evaporation rate compared with normal subjects.
Schirmer Test
This is a test that aims to measure aqueous tear production, wherein a strip of filter paper is inserted over the inferior lid margin and the length of filter paper that is wetted is measured in millimetres after five minutes. Frequently a topical anaesthetic is instilled prior to measurement to reduce the irritating effects of the strip on the conjunctiva, which can trigger reflex tearing. It has been thought that this might represent 'basal' tearing, however, it has been shown that while tearing is lessened by decreasing some of the sensory input, stimuli from the lid margin and lashes are unaffected. Therefore, most clinicians perform this test without anaesthetic. There are several variations on this methodology such as the phenol red test, in which a colour-impregnated thread is substituted for the strip. One limitation of this test is that it is a measure only of aqueous tear production and does not capture metrics pertaining to EDE. Additionally, it is susceptible to wide intra-subject, day-to-day and visit-to-visit variation. 37, 38 More consistent readings are attainable with increasing severity of disease, as the test scoring has a lower boundary limited by a measurement of zero mm. A recent study has demonstrated that in mild/moderate DED, Schirmer test results lack sensitivity and are essentially a 'random number generator'. 9 This test tends to improve in accuracy in moderate-to-severe disease in which most subjects have a mixed or hybrid form of the disease. Attempts to standardise the assessment of tear instability have centred on the development of automated visual capture of serial images using video keratography to eliminate the subjective aspects of tear instability measurement. Several different algorithm-driven programmes have been described. 40 While more rapid inter-blink tear breakup times (TBUTs) have clearly been demonstrated in patients with DED, the range of normative values and relationships over the spectrum of DED severity are yet to be elucidated. 9 
Interferometry
The use of interference ring patterns has been of interest for some years in assessing dry eye. Various devices have been developed to measure the thickness of the lipid layer of the tear film, and correlations between a thinned lipid layer and dry eye disease have been described. 41 Most of these devices depend on observer judgment of colour patterns to estimate thickness of the lipid layer.
Recently an automated device has been introduced in which pattern recognition is determined by software and correlations between a thin lipid layer and patient symptomatology have been reported. 42 However, no published studies are available as yet that establish the reproducibility of these devices, correlations between these tests and other measures of DED severity, or response to treatment. This technology, in a more developed form, might prove to be useful in the diagnosis of MGD.
Optical Quality Tests
Since the tear layer plays an important role in the optical quality of between normal subjects and patients with mild DED has been noted using measurements of cytokines and chemokines. 52 Several of these molecular markers have been shown to increase in DED 53, 54 and to respond to treatment with topically applied cyclosporine A. 55 The advent of microarray technology, particularly multiplex bead arrays and highly-sensitive enzyme-linked immunosorbent assay (ELISA) tests for proteins has spurred investigation aimed at identifying patterns of protein elevation, although some obstacles remain in interpreting results of microwell arrays that produce interfering effects that can greatly reduce signal-to-noise and limit the ability to obtain meaningful results. 56 In spite of these potential concerns, a number of panels of these proteins have shown promise as diagnostic biomarkers and have been advanced as suitable markers for DED. 51 Other promising techniques have also recently been described for collecting and measuring cytokines present in tear fluid, including extraction of cytokines and matrix metalloproteinases (MMPs) from Schirmer strips followed by Luminex analysis. 57 Numerous cytokines and MMPs were detected in the tear samples of healthy volunteers using this methodology, 57 however future studies will be required to determine if tear quantity and quality can be similarly measured in DED subjects.
Other recent studies have presented normative values for the presence of cytokines and chemokines in tears. 58 As further investigations refine the relationships between these patterns, their association with severity of disease and response to treatment and the emergence of simplified assays for clinical use, their utility may become clearer.
One particular pro-inflammatory marker that has received much recent attention is MMP-9. 17 This protein is widespread in the body and is associated with tissue repair and re-modelling. MMP-9 is present in very small amounts in normal tears and rises considerably in DED. While not specific for DED, 17,47 MMP-9 activation is associated with tissue damage from inflammation, which is a prominent feature of dry eye in moderate to severe cases. Several studies have demonstrated the rise of MMP-9 in DED. In one study measuring tear levels of MMP-9, the protein was elevated across four levels of increasing disease severity. 50 However, the actual expression levels for grades 1 and 2 were significantly lower than in grades 3 and 4.
Of interest, the categorisation of subjects in the study was primarily based on corneal staining. Since other studies have shown that less than 50 % of patients with mild-to-moderate disease have corneal staining (vide infra), it may be that MMP-9 correlates very well with staining, but not necessarily DED. MMP-9 levels in the tears have been shown to be elevated in ocular surface diseases other than DED. 17 The recent commercialisation of an office test for MMP-9 (Rapid Pathogen Screening [RPS] InflammaDry Detector™) which is qualitative may prove useful in identifying patients with a significant inflammatory component and is likely to respond to anti-inflammatory therapy, however, it should also be noted that RPS excludes the difficult to diagnose mild-to-moderate subjects (with OSDI between 1-13) in order to achieve the performance reported in its labelling. Given that MMP-9 correlates so well with staining, it is not clear that the marker gives any additional information than ocular surface staining alone.
In this era of advancing technology, broad studies at the proteomics level are becoming more affordable and feasible to carry out in patient populations. Thus, further research in these directions may identify other protein candidates that represent clinically useful markers.
Quantitative Tests
Ocular Surface Staining
The definition of DED expressed in the DEWS report emphasises damage to the ocular surface. 12 For many years, damage has been Biomarkers In Dry Eye Disease
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assessed by the use of vital dyes which increase visibility of areas of discontinuity on the corneal and conjunctival surfaces. 59 Traditionally, positive rose bengal staining was thought to be due to a breakdown in the structure of the cell wall of conjunctival surface cells, however, experimental studies revealed that discontinuities in the mucin coating of the cells corresponded to the patterns of staining observed. 61 Fluorescein staining of the corneal surface is thought to reflect a breakdown in the cell barrier to aqueous solutions, but the import of differences in staining patterns (punctate versus confluent) is unclear.
Several grading systems for assessing severity of ocular surface staining have been developed. These include an older van Bijsterveld system, the National Eye Institute/Industry Report system and the Oxford system. 62 The latter two are the most commonly used in clinical trials. They differ in the subdivisions of the corneal and conjunctival surfaces and the progression of severity (e.g. the Oxford progression is geometric).
Recent evaluation of corneal and conjunctival staining in DED, as measured using a composite index of severity over the entire range of disease, demonstrated that in mild-to-moderate disease less than 50 % of subjects demonstrated any corneal staining. 10 A slightly higher fraction of subjects displayed evidence of conjunctival staining, however, much higher percentages would be expected if staining were a precise indicator of the presence of disease.
This exemplifies the problems that can arise if one is using the presence of ocular surface staining for the diagnosis of disease.
This demonstrates the danger in using a single one of the currently used metrics for diagnosis. While staining provides an important piece of information, it is not necessarily informative for overall disease assessment. In summary, ocular surface staining remains a useful data point for assessing DED, but alone can be misleading.
As with most of the tests, staining measurements become more informative in more advanced stages of disease but lack specificity in mild/moderate disease.
Meibomian Gland Dysfunction Grading
MGD is the most common form of EDE and the most common subtype of DED. Its prevalence increases with more severe disease when it is part of a mixed form of the disease. Recognising its presence and assessing its severity is crucial not only for accurately diagnosing disease and assessing severity but in formulation of a treatment plan, which will differ from that for pure ADDE. There is general agreement and mitogen-activated protein kinase (MAPK) pathways. 15, 18, 19 Additionally, hyperosmolarity has been shown to activate caspase-3
and cytochrome c pathways that result in spontaneous epithelial cell death. 65 Hyperosmolarity causes decreased intracellular connection, loss of microplicae, cell membrane disruption and increased desquamation. 66 An increase in the conπcentration of tears also has functional consequences, wherein a hyperosmolar tear film has been directly associated with fluctuating vision. 67 Most importantly, data suggest that an increase in osmolarity directly reduces the ability of the cornea and lid to maintain proper boundary lubrication, thereby increasing friction during each blink and likely manifesting in long term wear and lid epitheliopathies evident in DED. [68] [69] [70] In the recently published guideline, 2011 American Academy of Ophthalmology Preferred Practice Patterns on Dry Eye Syndrome, it is noted that "tear osmolarity has been shown to be a more sensitive method of diagnosing and grading the severity of dry eye compared to corneal and conjunctival staining, TBUT, Schirmer test, and meibomian gland grading". 71 Tear osmolarity was also found to be a superior correlate to a composite disease severity index as compared with the other most common tests for DED. 10 In addition, tear osmolarity showed the lowest variability over time and the highest sensitivity to therapeutic intervention as compared with corneal staining, TBUT, Schirmer tests and meibomian gland grading. 9 In effect, tear osmolarity gives a direct insight to the health of the ocular surface while predicting response to therapy before symptoms or the other signs have resolved. 9 Despite the extensive literature detailing the effects of hyperosmolarity on the ocular surface, many clinicians have not had first hand experience interpreting results, which can lead to confusion and incorrect conclusions surrounding its clinical utility. 72 For diagnosis, the most important difference between osmolarity and other tests is that the unstable tear film and its effects on compensatory mechanisms
require that both eyes be tested to make a proper determination. Once that is completed, a positive determination is made if either of the eyes are >308 mOsm/L or the difference between the eyes is ≥8 mOsm/L.
Since a normal homeostatic tear film is isotonic with plasma osmolarity (290 mOsm/L), 73 
Subjective Tests
Symptoms (Ocular Surface Disease Index)
It is frequently stated that DED is a symptomatic disease. 3 This implies that without assessing symptoms the diagnosis of DED is inaccurate.
Anterior Segment Ocular Surface the variation in each marker over time was great enough to preclude correlation) or whether the information given by each marker was independent because each reveals evidence about distinctly different patho-physiological mechanisms of the disease.
Composite Index of Disease Severity
Given the statistical complexity inherent to the signs and symptoms of DED, there has been little guidance as to how to synthesise multiple data points into a single coherent index of overall disease severity.
The traditional Delphi approach reprinted in the DEWS report outlines a 1-4 grading scheme, with one being mild or episodic dry eye and four being severe constant and disabling disease. 2, 76 Unfortunately, the Delphi schema does not supply a quantitative method for dealing with conflicts within individual patients, such as when a patient exhibits low breakup time but no apparent staining or symptoms.
Conflicting data from a battery of clinical signs is more the norm than the exception. When coupled with a lack of consensus on any single gold standard test for dry eye, there is a need to quantitatively and objectively determine disease severity for clinical trials.
In creating a composite scale, clinical signs are combined by converting each data point into a common severity basis such as a scale of 0-4, or 0-1 scheme, adding them together to generate a final severity score, then parsing the total into normal, mild/moderate and severe categories. A similar but attenuated method was used in a seminal OSDI paper, as a means to check the performance of the symptom questionnaire. 77 is formed from a small number of variables, these biases can be significant. As a result, the OSDI showed a sensitivity of 60 % against the physician rating, but jumped up to 80 % sensitivity against the composite score with the facial expression as part of the abscissa.
A second limitation of this approach is that to facilitate simplicity, the categories are discrete. A person with a 6/9 in lissamine green staining is given the same input to the total severity as someone with a 2/9 in staining or a 10 mm Schirmer result. This resulting lack of resolution typically creates spurious false negatives or false positives in sensitivity and specificity analysis, which is unacceptable in regulatory environments.
A more recent attempt to create an objective, unbiased composite index outlined a continuous method for determining DED severity. 
Conclusion
The authors have reviewed the major candidates for biomarkers which will accurately reflect disease effects over the entire range of DED severity. There are a number of candidates that demonstrate either good utility for subtypes of DED (i.e. ADDE or EDE) and others are still in early stages of testing and might prove to be of value with further development. Currently, however, only tear osmolarity has been found to serve as a clinically useful biomarker over a wide range of disease severity. The increasing use of biomarkers may enable clinicians to more effectively recognise disease in patients, particularly at mild/moderate or early stages and facilitate the evaluation of new treatment modalities for improved disease management. n Anterior Segment Ocular Surface
